Mutations in BLM cause Bloom's syndrome, a disorder associated with cancer predisposition and chromosomal instability. We investigated whether BLM plays a role in ensuring the faithful chromosome segregation in human cells. We show that BLM-defective cells display a higher frequency of anaphase bridges and lagging chromatin than do isogenic corrected derivatives that eptopically express the BLM protein. In normal cells undergoing mitosis, BLM protein localizes to anaphase bridges, where it colocalizes with its cellular partners, topoisomerase IIIa and hRMI1 (BLAP75). Using BLM staining as a marker, we have identified a class of ultrafine DNA bridges in anaphase that are surprisingly prevalent in the anaphase population of normal human cells. These so-called BLM-DNA bridges, which also stain for the PICH protein, frequently link centromeric loci, and are present at an elevated frequency in cells lacking BLM. On the basis of these results, we propose that sister-chromatid disjunction is often incomplete in human cells even after the onset of anaphase. We present a model for the action of BLM in ensuring complete sister chromatid decatenation in anaphase.
Introduction
Bloom's syndrome (BS) is a rare genetic disorder characterized by proportional dwarfism, sunlight hypersensitivity, fertility defects and a predisposition to the development of most types of cancer (German, 1993; Hickson, 2003) . At the cellular level, BS is associated with inherent genomic instability, including an elevated frequency of chromosome aberrations (Chaganti et al, 1974; German, 1993) . The hallmark feature, which is used in the molecular diagnosis of BS, is an approximately 10-fold increase in the incidence of sisterchromatid exchanges (SCEs) (Chaganti et al, 1974) . It is thought that SCEs arise during the S/G2 phases of the cell cycle as a consequence of crossing-over during homologous recombination-mediated repair events, such as those acting at sites of collapsed or disrupted DNA replication forks .
The BS gene, BLM, encodes a member of the RecQ helicase family, which is highly conserved in evolution (Ellis et al, 1995) . BLM forms a complex with topoisomerase IIIa (Johnson et al, 2000; Wu et al, 2000) and hRMI1 (BLAP75) (Meetei et al, 2003; Yin et al, 2005) and, together, they catalyze a process termed double Holliday junction dissolution, which serves as an alternative pathway to classical Holliday junction resolution for effecting the termination phase of homologous recombination reactions (Wu and Hickson, 2003; Raynard et al, 2006; . The cooperation of a RecQ helicase, topoisomerase III and an RMI1 homolog during the maintenance of genome stability is conserved in many organisms, including the widely studied yeasts, Saccharomyces cerevisiae (Sgs1, Top3 and Rmi1 proteins) and Schizosaccharomyces pombe (Rqh1, Top3 and Rmi1 proteins) (Stewart et al, 1997; Goodwin et al, 1999; Maftahi et al, 1999; Chang et al, 2005; Mullen et al, 2005) . Although not proven formally, it remains a possibility that the BLM-topoisomerase IIIa-hRMI1 complex might also act on replication intermediates that are structurally similar to double Holliday junctions, such as those that arise at sites of converging replication forks (Branzei et al, 2006; Cobb and Bjergbaek, 2006; .
A predicted consequence of a failure to eliminate recombination and/or replication intermediates during or soon after S-phase is an inability to undergo sister-chromatid disjunction during mitosis. Indeed, it is well established that sgs1, rqh1 and top3 mutant cells display defects in chromosome segregation, even during an apparently unperturbed cell cycle (Watt et al, 1995; Stewart et al, 1997; Goodwin et al, 1999; Maftahi et al, 1999; Kaliraman and Brill, 2002; Win et al, 2005) . This is seen most strikingly in S. pombe top3 strains, which are nonviable in long-term culture due to chromosome missegregation and exhibit the so-called 'cut' phenotype, where the septum bisects condensed chromosomes that are incompletely separated (Goodwin et al, 1999; Maftahi et al, 1999) . A similar, but less severe, phenotype is seen in S. pombe rqh1 mutants (Win et al, 2005) . Although there is no precise equivalent of the 'cut' phenotype in mammalian cells, there are well-established cytological markers of chromosome missegregation. For example, anaphase bridges, which represent incompletely segregated chromosomal DNA connecting the daughter nuclei, have been well documented previously and are a feature of solid tumors in vivo (Gisselsson et al, 2000) . It is unclear how anaphase bridges are resolved, but it is likely that they can be fragmented during furrow ingression in cytokinesis if they are not resolved before or during anaphase. It is thought that anaphase bridges can lead to the generation of micronuclei as a consequence of the breakage of the bridge by mitotic spindle forces (Hoffelder et al, 2004) . Anaphase bridges and micronuclei may actually contribute to tumor progression via the creation of gene dosage imbalances. It has been shown previously that micronuclei are present at an elevated frequency in BS cells, which might have significance for the tumor suppressor role of BLM (Rosin and German, 1985) .
We set out to test the hypothesis that one consequence of BLM deficiency might be a failure to undergo faithful chromosome segregation at mitosis. We show that BLM is required for the suppression of anaphase bridging, and that BLM localizes to chromosomal bridges in anaphase. As a result of an ability to detect BLM on anaphase bridges, we were able to identify a class of DNA bridge structure that is not detectable using conventional DNA dyes. These ultrafine bridges are found in a significant proportion of normal anaphase cells, and are present at an elevated frequency in BS cells. We discuss these results in the context of our current knowledge of the role of chromosome segregation defects in tumor development.
Results

BLM suppresses the accumulation of anaphase bridges and lagging chromatin
To analyze chromosome segregation in BS cells, we utilized an isogenic pair of GM08505-derived BS cell lines, designated PSNG13 and PSNF5, which differ only in that PSNF5 cells constitutively express BLM protein (see Materials and methods). Our previous studies have indicated that ectopic expression of BLM in GM08505 cells reduces the frequency of SCEs to near wild-type levels, indicative of functional correction of the BS phenotype (Gaymes et al, 2002; Davies et al, 2004) . Initially, we quantified the frequency of two widely studied cytogenetic indicators of defective sister chromatid separation in mitosis; anaphase bridges and lagging chromatin (Gisselsson et al, 2000; Saunders et al, 2000; Stewenius et al, 2005) . In a sample of more than 600 anaphase cells from each of the PSNG13 (BLM À ) and PSNF5 (BLM þ )
isogenic cell pair, we found a significantly higher frequency of both anaphase bridges and lagging chromatin in the PSNG13 cells than in PSNF5 cells ( Figure 1A ). Representative images of the segregation defects observed in PSNG13 cells are shown in Figure 1B . These results indicate that loss of BLM function leads to an impairment in chromosome segregation during mitosis.
The BLM protein localizes to anaphase bridges Based on the above data, we analyzed the subcellular localization of BLM in the SV40-transformed human fibroblast cell line, GM00637, which was isolated from a normal individual. As reported previously (Zhong et al, 1999; Johnson et al, 2000; Sanz et al, 2000; Yankiwski et al, 2000) , we found that BLM typically localizes to discrete foci in interphase cells that colocalize with PML nuclear bodies (data not shown). However, these BLM foci largely disappear from cells undergoing mitosis. Instead, we observed some general diffuse BLM staining in all anaphase samples, as well as striking localization of BLM to sites that were coincident with DAPI-stained anaphase bridges ( Figure 2A) . The BLM staining did not always decorate the entire bridge and generally appeared as a finer structure than the DAPI-stained bridge itself. This localization of BLM to anaphase bridges was not a rare occurrence, as 495% of anaphase cells that exhibited an anaphase bridge (n ¼ 33) displayed BLM staining that was coincident with the bridge structure. On occasions, BLM staining was focal in nature and appeared on the tips of chromatin that lay between the two separating masses of DNA ( Figure 2B ). In other cases, BLM staining formed a short connecting bridge that linked either the tips or the arms of lagging chromatin ( Figure 2C ).
Of particular interest, we also found that BLM localized to ultrafine bridge-like structures that connected the daughter nuclei of many cells. These ultrafine bridges could be detected in apparently normal anaphase cells that lacked the presence of any obvious DAPI-stained anaphase bridge ( Figure 2D ). The failure to detect these ultrafine bridges with DNA dyes was not simply because of our use of DAPI, as they were also undetectable using Hoechst-33258, YOYO-1 and TO-PRO3 (data not shown and see Figure 3 (below)).
To distinguish between the conventional DAPI-positive anaphase bridges and the ultrafine DAPI-negative bridges, we will henceforth refer to the former as chromosomal bridges and the latter as BLM-DNA bridges. Where used, the term anaphase bridge will be limited to those cases where a generic reference is made to both classes of DNA bridge observed in anaphase cells. Two different antisera targeting either the C-terminal domain (C-18) or the N-terminal domain (IHIC34) of BLM were used in these immunofluorescence studies, and each gave an essentially identical staining pattern (Supplementary Figure 1A-E) . In addition to observing BLM-DNA bridges directly linking the segregating daughter nuclei, we also detected such bridges connecting lagging chromatin to the segregating DNA (Supplementary Figure 1B) . The localization of BLM to chromosomal bridges and BLM-DNA bridges was evident not only in GM00637 cells, but also in the SV40-transformed human fibroblast line, WI38/VA13, in the hTERT-immortalized foreskin fibroblast line, HS68, in the untransformed normal human fibroblast, MRC5 and in the HeLa cervical carcinoma cell line (Supplementary Figure To eliminate the possibility that the staining pattern observed with the anti-BLM antibodies was an artefact of the immunofluorescence procedure, we also analyzed the localization of BLM directly using a derivative (PG3.1) of the GM08505 BS cell line stably expressing YFP-tagged BLM protein. Consistent with the immunofluorescence data described above, YFP-BLM also localized to both chromosomal bridges and the ultrafine BLM-DNA bridges (Supplementary Figure 1f and data not shown). These data indicate that the localization of BLM to chromosomal bridges and BLM-DNA bridges is neither cell line dependent nor an artefact due to lack of antibody specificity.
Next, we set out to confirm that the ultrafine BLM-DNA bridges actually contained DNA, as they were not detectable by staining with widely used DNA dyes. As an initial test, we analyzed whether the bridges were sensitive or resistant to treatment by DNase I or RNase A. We found that the frequency of BLM-DNA bridge staining declined significantly (B50%) after a short treatment (7 min) with a concentration of DNase I (10 mg/ml) that preserved overall chromatin architecture ( Figure 3A) , consistent with the bridges being composed of DNA. In contrast, RNase had no apparent effect (data not shown). We also confirmed that the BLM-DNA bridges did not colocalize with established mitotic cytoskeletal structures as revealed by staining for either b-tubulin or Aurora B (data not shown and Figure 3B ). To increase the sensitivity of DNA detection, we grew GM00637 cells in the presence of bromo-deoxyuridine (BrdU) and then stained anaphase cells using an anti-BrdU antibody, following partial heat denaturation of the DNA to reveal ssDNA regions that are detectable using this antibody (Van Furth and Van Zwet, 1988) . This treatment protocol was used because it involves only partial denaturation and is not sufficiently harsh to reveal BrdU epitopes in the condensed chromatin. We then analyzed the colocalization of BrdU and BLM in anaphase cells that did not contain any bridge that could be detected with DAPI or TO-PRO3. As shown in Figure 3C , colocalization of BrdU and BLM was readily detected on such BLM-DNA bridges. This confirms that these bridges represent DNA structures. hRMI1 localize to anaphase bridges alongside BLM in human fibroblasts. As shown in Figures 4A and B, topoisomerase IIIa and hRMI1 also localized to anaphase bridges in GM00637 cells and showed a staining pattern in anaphase cells indistinguishable from that of BLM. This colocalization of topoisomerase IIIa and hRMI1 with BLM was detected on both chromosomal bridges and the BLM-DNA bridges. In contrast, we were not able to detect other BLM-binding factors on either form of anaphase bridge using the antisera described in the Materials and methods. No bridge staining was seen for the WRN, PML, RAD51, BRCA1, NBS1, MRE11 or MLH1 proteins (Supplementary Figure 2A -G). Of particular interest was the lack of staining for phosphorylated histone H2AX (g-H2AX; data not shown), as recent data indicate that this marker is found on chromosomal bridges in g-ray-treated cells (Suzuki et al, 2006) . This would suggest that the BLM-DNA bridges that we have identified do not contain unrepaired dsDNA breaks. Previous studies revealed that the recruitment of topoisomerase IIIa to PML bodies or its retention therein is at least partially dependent upon BLM, as topoisomerase IIIa is stably expressed, but is mislocalized in BS cell lines (Johnson et al, 2000; Wu et al, 2000; Bischof et al, 2001 ). To our knowledge, the issue of whether hRMI1 localization is dependent upon the presence of BLM has not been analyzed previously. We asked, therefore, whether the localization of either topoisomerase IIIa or hRMI1 to anaphase bridges depended on the presence of BLM. We were unable to detect topoisomerase IIIa or hRMI1 ( Figure 4C ( Figure 4D ). The incorrect localization of topoisomerase IIIa and hRMI1 in BS cells was not due to a lack of stable expression of either protein, as shown by Western blotting ( Figure 4E ). We conclude, therefore, that topoisomerase IIIa and hRM1 are only recruited to and/or retained on anaphase bridges in cells expressing BLM. Next, we asked if the presence of BLM on anaphase bridges depended on other factors. First, we addressed whether BLM localized normally in cells lacking ATM or FANCD2. ATM was chosen because it phosphorylates BLM during mitosis (Beamish et al, 2002) . FANCD2 was of interest because BLM has been immunopurified in a complex with Fanconi anemia proteins, including FANCD2 (Meetei et al, 2003) . However, in ATM-and FANCD2-deficient cells, BLM was localized normally to anaphase bridge structures (Supplementary Figure 3A) . Moreover, treatment of cells with a high dose (10 mM) of caffeine for 2 h to inhibit ATM, ATR and the DNA-dependent protein kinase did not obviously influence the localization of BLM (Supplementary Figure 3B) . Next, we asked if BLM localization was influenced by the absence of topoisomerase IIIa. Because TOP3a is an essential gene in mammals (Li and Wang, 1998) , we addressed this issue by small interfering RNA (siRNA)-mediated depletion of topoisomerase IIIa. We found that depletion of topoisomerase IIIa did not prevent BLM association with anaphase bridges (Supplementary Figure 3C) .
Chromosomes are not always fully disjoined in anaphase
Next, we analyzed the prevalence of chromosomal bridges and BLM-DNA bridges in anaphase cells from SV40-transformed human fibroblasts (GM00637) derived from a normal individual. Around 10% of the total anaphase population was found to be at an early stage of anaphase, as defined by the close association of the two masses of condensed chromatin. The remaining 90% of the population could be viewed as being in mid to late anaphase, where the two DNA masses had clearly migrated apart towards the opposite poles of the mitotic spindle. Unexpectedly, we found that 89% of the early anaphase GM00637 cell population exhibited at least one bridge structure, as detected by BLM staining ( Figure 5A ). Because the DNA masses were insufficiently separated at this stage, it was not possible to reliably distinguish between DAPI-positive and -negative bridges. In late anaphase cells, where the chromatin masses had separated completely, 42% of the GM00637 cells still displayed a discernible, BLMpositive signal on a bridge structure ( Figure 5A ).
In the population of late anaphase cells, we could ask what proportion of the anaphase bridges were DAPI-positive conventional chromosomal bridges and what proportion were DAPI-negative BLM-DNA bridges. As expected from the data presented in Figure 3 , the vast majority of the DAPI-positive chromosomal bridges exhibited BLM staining ( Figure 5B) . Similarly, in those cells exhibiting lagging chromatin, 60% of the samples stained positive for BLM on the lagging DNA ( Figure 5B ). Of most interest, however, was the finding that 32% of the apparently normal (i.e. those with no DAPIpositive bridge) GM00637 cells contained a discernible BLM-DNA bridge ( Figure 5B ). As this population made up the vast majority (480%) of the total cells, the overall proportion of anaphase cells that contained a BLM-DNA bridge was, therefore, determined to be 26.5%. Because we were concerned that the above data might be an artefact of the SV40 transformation of GM00637 cells, we also quantified BLM-DNA bridge formation in untransformed MRC5 fibroblasts (which were isolated from a normal individual). The data presented in Supplementary Figure 4 indicate that MRC5 cells also displayed a significant proportion (23%) of apparently normal anaphases that contained a BLM-DNA bridge. Taken together, these data indicate that DNA bridges are far more prevalent in the anaphase population of normal human cells than has hitherto been appreciated. Nevertheless, there was a progressive reduction in the percentage of cells displaying BLM-DNA bridges as the various stages of anaphase were acted out and as cells progressed to telophase. This suggests that, whatever the source of the bridge DNA, there is likely to be a progressive resolution (or nonspecific breakage) of these structures during anaphase.
Next, we asked if the frequency of BLM-DNA bridges could be altered by treatment of GM00637 cells with low doses of the catalytic inhibitor of topoisomerase II, ICRF-159 (Tanabe et al, 1991) . The dose used (10 mM) was not sufficient to induce G2 arrest at the so-called catenation checkpoint (Downes et al, 1994) (Supplementary Figure 5) , and did not increase the frequency of conventional DAPI-positive chromosomal bridges in GM00637 fibroblasts (data not shown). Nevertheless, we found that ICRF-159 caused a significant increase in the percentage of apparently normal anaphases that displayed at least one BLM-DNA bridge ( Figure 5C ). Analysis of these ICRF-159-treated cells also suggested that they contained an unusually large number of BLM-DNA bridges per cell. Hence, we quantified the number of bridges per anaphase in cells treated with a low (10 mM) or high (50 mM) concentration of ICRF-159. As shown in Figure 5D , early anaphase cells treated with 10 mM ICRF-159 exhibited on average eight BLM-DNA bridges per cell compared to four in the control population exposed to solvent alone. This ICRF-159-induced increase in BLM-DNA bridge formation was still evident in late anaphase cells (1.42 versus 0.56), although the overall frequency declined compared to that seen in early anaphase cells. Treatment of cells with 50 mM ICRF-159 increased BLM-DNA bridge formation dramatically and to levels that could not be quantified reliably. Representative images of ICRF-159-treated anaphase cells are shown in Figure 5E .
We then asked if cells deficient for BLM (PSNG13) showed an altered frequency of anaphase bridging following exposure to ICRF-159 compared to the BLM-complemented PSNF5 cells. We found that PSNG13 (BLM À ) cells showed a consistently higher frequency of ICRF-159-induced anaphase bridges than did PSNF5 (BLM þ ) cells ( Figure 6A ). Indeed, in untreated PSNG13 cells, there was a level of anaphase bridging equivalent to that in PSNF5 cells treated with 5 mM ICRF-159 for 24 h. Based on the ability of ICRF-159 to induce BLM-DNA bridge formation, we asked if PSNG13 cells might be unusually sensitive to the cytotoxic effects of this agent. For this, the PSNG13 (BLM À ) and PSNF5 (BLM þ ) cell lines were treated with ICRF-159 either for a 24 h period or continuously, before analysis of clonogenic cell survival. The PSNG13 cells were found to be significantly more sensitive to killing by ICRF-159 than were the PSNF5 cells using either of these treatment protocols ( Figure 6B ). To determine whether the ICRF-159-induced anaphase bridges might persist even beyond the end of anaphase in BS cells, the PSNG13 (BLM À ) and PSNF5 (BLM þ ) cells were allowed to complete a round of mitosis in the presence of a cytokinesis inhibitor (cytochalasin B) (Thomas et al, 2003) to prevent nonspecific rupture of bridges during furrow ingression. As shown in Figure 6C , binucleated PSNG13 cells exhibited a significantly higher frequency of ICRF-159-induced nucleoplasmic bridges than did the equivalent PSNF5 cells. Examples of the nucleoplasmic bridges seen in cytokinesis-blocked PSNG13 cells are shown in Figure 6D . Taken together, these results confirm that loss of BLM function leads to chromosome segregation defects during mitosis, and suggest that BLM acts to resolve the bridges in anaphase.
BLM-DNA bridges frequently link centromeric DNA Next, we asked whether the BLM-DNA bridges might link specific chromosomal structures or loci. Of primary interest was centromeric heterochromatin as this is replicated late in S-phase and is the last region of metaphase chromosomes from which the cohesin complex is removed (reviewed by Watanabe, 2005) . To track centromeric DNA, we stained anaphases for Hec1, an outer kinetochore marker (Ciferri et al, 2005) , and used immunofluoresence to quantify the frequency with which a Hec1 focus was observed lying at the ends of BLM-DNA bridges. We found that 55% of the BLM-DNA bridges (n ¼ 140) had a Hec1 focus at one or both ends of the bridge (Supplementary Figure 6A and B) . Significantly, the Hec1 foci associated with BLM-DNA bridges were generally not found in the cluster of Hec1 foci found at the leading edge of the separating sister DNA masses, indicating that these centromeric regions were lagging behind the bulk DNA to some extent. Some Hec1 foci were also found at the tips of bridges linking DAPI-positive lagging chromosomes (Supplementary Figure 6C) .
BLM-DNA bridges contain the PICH protein and are more prevalent in cells lacking BLM While this manuscript was in preparation, Baumann et al (2007) reported the presence of thread-like structures in anaphase cells that contain the PICH helicase, although these authors did not demonstrate whether these threads represent a DNA structure. Nevertheless, they did identify that these so-called 'PICH threads' frequently link centromeric loci, as shown here for BLM-DNA bridges. To investigate whether PICH threads and BLM-DNA bridges were related, we co-stained GM00637 anaphase cells for PICH and BLM. As shown in Figure 7A , BLM and PICH colocalized to BLM-DNA bridges. These data confirm that PICH threads and BLM-DNA bridges represent the same structures, and that PICH threads are therefore composed of DNA.
Next, we analyzed whether PICH staining afforded us the opportunity to quantify the frequency of DAPI-negative bridges in BS cells. This analysis was impossible previously, because BS cells lacking BLM also show mislocalization of topoisomerase IIIa and RMI1, and therefore, we lacked a robust marker of the DAPI-negative bridges to use in such analyses. As shown in Figure 7B , PICH localization to DAPInegative bridges was still evident in PSNG13 (BLM À ) cells, indicating that PICH is not dependent upon BLM for its localization to these bridges. Hence, we quantified PICHpositive bridges in PSNF5 and PSNG13 cells to address whether BLM normally plays a role in the suppression of BLM-DNA bridges. We found that PSNG13 (BLM À ) cells had a significantly increased frequency of PICH-positive bridges and a greater number of bridges per cell than did PSNF5 (BLM þ ) cells (Figures 7C and D) . Taken together, these data indicate that BLM and PICH colocalize to ultrafine DNA bridges in mitosis, and that BLM is required for the suppression of these bridges in anaphase cells. The data presented above indicated that BLM likely plays a role in suppressing the accumulation of DNA bridges in anaphase. Nevertheless, we wanted to gain additional evidence that BLM effects its role in anaphase itself, such as via bridge resolution, rather than acting earlier in the cell cycle to prevent the bridges from forming. To address this, we again exploited PICH as a marker of DNA bridges and asked if BLM was recruited to bridges only after their presence could be detected by PICH staining. We found that PICH localization to condensed chromatin and to bridges was detectable during metaphase ( Figure 8A ), when the bridges were still short, and then became more prominent on the longer bridges evident in anaphase ( Figure 8B ). In contrast, BLM staining was virtually absent from the chromatin in metaphase and only became prominent in anaphase, suggesting that BLM is only recruited to pre-existing bridges around the time of the metaphase to anaphase transition. Consistent with this, in cells depleted for shugoshin (Sgo), which leads to premature centromeric disjunction in early mitotic cells (McGuinness et al, 2005) , PICH staining on bridges was obvious, whereas BLM staining was absent ( Figure 7C ). Taken together, these data indicate that BLM is recruited to pre-formed, ultrafine DNA bridges around the time of initiation of anaphase, consistent with a role in bridge resolution during anaphase.
Discussion
We have shown that the BS gene product, BLM, is required for the suppression of mitotic chromosome missegregation. Unexpectedly, we found that BLM localizes specifically to anaphase bridges and associates with lagging chromatin during the late stages of mitosis. This localization permitted us to detect a class of ultrafine DNA bridges that persists well into the latter stages of anaphase. These bridges can be found in SV40-transformed cells, in hTert-immortalized cells and in untransformed cells, and are apparently identical to the 'PICH-threads' described recently (Baumann et al, 2007) . Formation of these bridges occurs in an unperturbed cell cycle, although their frequency can be increased by inhibition of topoisomerase II. BS cells are known to exhibit a higher than normal frequency of micronuclei (Rosin and German, 1985) . Our finding that BS cells also display excessive anaphase bridging and lagging chromosomes offers an explanation for this observation, as it is generally accepted that one source of micronuclei is through fragmentation of unsegregated DNA during cytokinesis. Although one driver for tumorigenesis in BS is likely to be hyper-recombination leading to loss of heterozygosity (Chaganti et al, 1974; Luo et al, 2000; Wu and Hickson, 2003) , our data now suggest that chromosome missegregation due to a failure to efficiently resolve anaphase bridges could be an equally important driver through the generation of aneuploidy and gene dosage imbalances. Aneuploidy is a very common feature of solid tumors in man ( and, given the increase in incidence of almost all forms of cancer in BS patients (German, 1993 (German, , 1995 , it is tempting to speculate that a defect in the BLM-dependent pathway for suppression of anaphase bridging may be linked more generally to the process of tumorigenesis. Based on previous analyses, there are two explanations, which are not mutually exclusive, for why BLM might localize to anaphase bridges. First, as suggested from biochemical studies, BLM/topoisomerase IIIa/hRMI1 are required for the dissolution of homologous recombination intermediates that contain double Holliday junctions (Wu and Hickson, 2003; , and it is a failure to complete this process before anaphase that leads to bridge formation as the still interlinked recombining DNA molecules cannot be separated. Second, BLM and its partners may play a role in the resolution of intertwined DNA structures that arise during DNA replication. Whereas there is currently no biochemical evidence to support this proposal, there is some structural similarity between recombination intermediates containing a double Holliday junction and unreplicated chromosomal regions where two replication forks converge (Branzei et al, 2006; Cobb and Bjergbaek, 2006) . The findings that centromeric loci are preferentially associated with BLM-DNA bridges, and that the topoisomerase II inhibitor, ICRF-159, exacerbates chromosome missegregation defects in BS cells, are strongly suggestive that at least some of these bridges represent aberrant replication structures. A model for the generation of BLM-DNA bridges during DNA replication is depicted in Figure 9 . Of relevance to this model, Seki et al, 2006 reported that chicken BLM and topoisomerase IIIa are required for the transition from metaphase to anaphase via a role in sister-chromatid dissolution.
One striking finding from our studies has been an ability to detect a class of ultrafine DNA bridges in the anaphase population of human cells. As a result of this, we were able to demonstrate that DNA bridges are far more prevalent in anaphase cells than hitherto has been appreciated. Indeed, we could detect DAPI-negative BLM-DNA bridges in 20-30% of late anaphase cells. This already remarkably high proportion was increased still further by prior treatment of the cells with a low dose of ICRF-159. Given that this high frequency of BLM-DNA bridging was detected in normal cell lines, which do not exhibit a correspondingly high frequency of aneuploidy or cell death at mitosis, it would appear that these bridges must be resolved successfully before cytokinesis. Consistent with this proposal, we observed a progressive reduction in the percentage of cells exhibiting bridges, as the different stages of anaphase were acted out.
Because of the colocalization of PICH with BLM on the ultrafine bridges, we were able to confirm that cells lacking BLM show a higher frequency of these bridges than do isogenic cells corrected by expression of BLM. Moreover, the bridges persist longer during anaphase in cells lacking BLM, indicating a role for BLM in bridge avoidance and/or resolution. The observation that these bridges start to become evident in metaphase, where they can be detected by staining for PICH protein (as reported by Baumann et al, 2007) , but that BLM only associates with the bridges at the time that cells enter anaphase, strongly suggests that BLM acts to resolve (either directly or indirectly) the bridge DNA. Given that topoisomerase IIIa is an efficient decatenase in the presence of BLM and RMI1 , we propose that this heteromeric complex is recruited in anaphase to catenated DNA structures that persist following DNA replication and acts to resolve them to permit faithful sister-chromatid disjunction. Nevertheless, it is clear that, even in BS cells, the bridges eventually disappear, although this might be because of nonspecific breakage due to the forces exerted by the mitotic spindle rather than being due to resolution. It is possible also that the retarded rate of bridge resolution in BS cells is catalyzed by a partially redundant decatenase.
It is important to address why the ultrafine BLM-DNA bridges identified here have proven so difficult to detect previously. The simplest explanation is that they are so fine in structure that staining with conventional DNA dyes is an insufficiently sensitive method to reveal them. However, we could not detect colocalization of BLM-DNA bridges with phospho-histone H3, with the condensin subunit, SMC2, with topoisomerase IIa or with GFP-tagged histone H2B (Supplementary Figure 7) . One possible explanation is that the BLM-DNA bridges have a composition that is fundamentally different from that of conventional anaphase bridges. For example, BLM-DNA bridges might contain DNA that has not undergone condensation. Such a failure to complete condensation might be because DNA repair processes are incomplete, and hence a persistent atypical DNA structure in some way prevents condensation from occurring. Previous studies have indicated that the forces exerted by the mitotic spindle are certainly strong enough to expel nucleosomes from dsDNA (Houchmandzadeh et al, 1997; Bennink et al, 2001) . Hence, the BLM-DNA bridges may not be wrapped into a chromatin structure in the conventional way. Another possibility is that the BLM-DNA bridges contain an unusual DNA structure (perhaps excessively stretched) that does not permit stable association of dyes, such as DAPI or Hoechst, which bind to the minor groove of the double helix. Further work will be needed to address these questions. In summary, we have shown that BS cells have an abnormally high frequency of anaphase bridges. BLM localizes specifically to DNA bridges in anaphase cells. We have identified a class of ultrafine DNA bridges that is unexpectedly prevalent in the anaphase population of normal cells, including untransformed fibroblasts. These bridges appear to be resolved progressively during the different stages of anaphase. Consistent with the known chromosome instability and cancer predisposition associated with BS, our data implicate BLM in regulating ploidy through a role in anaphase bridge resolution.
Materials and methods
Cell lines and cell culture PSNF5 and PSNG13 are isogenic cell lines differing only in their BLM status. PSNF5 is a stable BS cell line expressing a FLAG epitope-tagged, wild-type BLM protein from the CMV promoter in a pcDNA3-based construct. PSNG13 is a control BS cell transfectant containing the pcDNA3 vector only. The derivation of these lines has been reported previously (Gaymes et al, 2002; Davies et al, 2004) . The PG3.1 cell line is a stable transfectant expressing YFPtagged BLM. The cell lines discussed above were grown in minimal essential medium alpha (MEM-a) containing 350 mg/ml G418. The SV-40-transformed normal human fibroblast cell lines, GM00637 and WI38/VA13, as well as the SV-40 transformed AT fibroblast line, AT5 BIVA, the FANCD2-deficient fibroblast line, PD733i, and the untransformed MRC5 cells were maintained in MEM-a. hTERTimmortalized human foreskin fibroblasts, HS68 and HeLa cells stably expressing GFP-tagged histone H2B were grown in Dulbecco's modified Eagle's medium. All media were supplemented with 10% fetal calf serum, 4 mM glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. All cultures were maintained at 371C in a humidified atmosphere containing 5% CO 2 .
Clonogenic cell survival assays Cells were plated in 10-cm tissue culture Petri dishes, and 24 h later were treated with various concentrations of ICRF-159 for either 24 h (and then the drug was removed) or continuously. After 15-18 days, cell colonies were fixed with methanol:acetic acid (3:1) for 20 min, and were then stained with 1 mg/ml crystal violet for 14 h. Colonies with more than 50 cells were counted. The number of colonies at each drug dose was expressed as a percentage of the untreated control sample.
Antibodies and indirect immunofluorescence staining
The following primary antibodies were used at the dilutions indicated: Goat anti-BLM, 1:150 (C-18; Santa Cruz); rabbit anti-BLM, 1:300 (IHIC34; (Wu et al, 2000) ; mouse anti-human TOPO3a, 1:200 (IE3; a kind gift from Aventis Pharma); rabbit anti-WRN, 1:200 (ab200; Abcam); rabbit anti-PML, 1:800 (AB1370; Chemicon); mouse anti-TOPO2a, 1:200 (IF6; CR-UK Clare Hall); rabbit anti-MLH1, 1:400 (G168-728; BD Biosciences); rabbit anti-RAD51, 1:200 (Ab-1; Oncogene Research Products); mouse anti-BRCA1, 1:200 (Santa Cruz); rabbit anti-gH2AX, 1:300 (ab2893; Abcam); rabbit anti-Mre11, 1:400 (NB10042; Novusbio); rabbit anti-Nbs1, 1:600 (BN100143D; Novusbio); rabbit anti-hRMI1, 1:300 (a gift from Dr G Brown, University of Toronto); rabbit anti-hRMI1 (BLAP75), 1:500 (a gift from Dr W Wang); rabbit anti-phospho-Histone H3 S-10, 1:30 (06-570; Upstate); mouse anti-Hec1, 1:200: (9G3; abcam); rat anti-PICH, 1:600 (a gift from Dr E Nigg); goat anti-GFP, 1:200 (ab6673; abcam). The secondary antibodies and dilutions used were: chicken anti-mouse Alexa Fluor 488, 1:600; donkey anti-goat Alexa Fluor 488 or 555, 1:600; donkey anti-rabbit Alexa Fluor 488, 1:400; donkey anti-rat Alexa Fluor 488, 1:500; sheep anti-rabbit Figure 9 Model for the generation of BLM-DNA bridges. We propose that the BLM-DNA bridges arise during DNA replication as either (1) fully replicated, but still intertwined duplexes (cantenanes) or (2) partially replicated, hemicatenated DNA, that could arise at sites of converging replication forks. A high proportion of the bridge structures link kinetochores (blue), where Hec1 binds, and which attach to microtubules (green) that are under tension (black arrows).
